

















Trefoil domain three-dimensional structure Gajhede et al.

Materials and methods

Purification, crystallization and data collection

Preliminary structure analysis by X-ray [27,29] as well as by NMR
[25] techniques has previously been carried out on PSP. In the
present study, PSP was purified [6] and crystallized [29] as previ-
ously described. Pancreatic spasmolytic polypeptide crystallizes
in space group 1242,2;. The crystal contains two molecules per
asymmetric unit (referred to as molecule A and molecule B be-
low) and 62 % water.

All experimental data were collected (using monochromatic syn-
chrotron radiation) at the EMBL outstation at DESY, Hamburg.
The Hendrix Lentfer imaging plate scanner, constructed at EMBL
Hamburg, was used as a detector. The native data were col-
lected in two batches: (1) low order data (> 84 resolution), 23
frames at a crystal-to-plate distance of 400 mm with 4° oscilla-
tions and (2) higher order data, 46 frames at a distance 230 mm
with 2° oscillations. Only one crystal was used. Wavelength of
synchrotron radiation was 1.009 A. All data were procesed with
the DENZO program (An oscillation data processing program
for macromolecular crystallography, Yale University, CT, USA,
1986). Further data processing was performed with the CCP4
[SERC (UK), Collaborative Computer Project No.4, Daresbury
Laboratory, UK, 1979] and PHASES [W Furey (1991). A pro-
gram package for phasing in macromolecular crystallography,
University of Pittsburg, PA, USA] program packages. The pro-
gram AGROVATA (from the CCP4 package) was used to analyze
the data and to perform the averaging of equivalent measure-
ments. In the averaging, individual reflections with a deviation ef
more than 3 standard deviations from the mean were rejected
until at least 3 measurements remained. The unit cell parameters,
determined from the data processing, were a=54.74, b=72.6A
and ¢=181.54. The standard deviations derived from counting
statistics were modified according to the following scheme:
Chew = kccoun[ing(l) + pIZ

where k=1.7 and p=0.0 since the standard deviations found
from counting statistics were generally found to be too low com-
pared with the statistical standard deviations.

The crystals for a P2+ derivative were obtained by adding 1 mM
KoPtCly to the mother liquor and soaking the crystals for 1
week. A wavelength of 0.9901A was used for collecting data
on heavy-atom derivatives. The diffraction data were collected
in 46 frames, with oscillations of 2° and a crystal-to-film dis-
tance of 230 mm. The cell dimensions of the derivatized Crys-
tals were altered to a=53.54, b=7294 and ¢=181.74, indi-
cating non-isomorphism with the native crystal. In addition, the
crystals showed a rapid decay in the beam; the scale factor of
the last frame was determined as 0.55 with a relative B-factor
of —1.77A2 A scaled <Fpy>/<Fp> plot against resolution
indicated that the P2+ derivative was only isomorphous to 4A

since the slope became significantly different from zero at this
resolution.

An Ag™ derivative was made by soaking crystals for 2 days in
the mother liquor, made 5 mM with respect to AgNOj3. The same
data collection parameters were used as for the P22+ derivative.
These crystals showed no signs of non-isomorphism.

Table 2 contains a summary of the data collection statistics. Only
isomorphous contributions were used from both derivatives.
The resolution cutoff criterion for all three data sets was that

the internal R-factor should not exceed 0.20 in the outermost
resolution shell.

Structure determination by Multiple Isomorphous
Replacement (MIR)

Phases were derived by MIR using the two heavy-atom deriva-
tives. Scaling each of the derivatives to the native data was ac-

Table 2. Summary of data collection statistics.

Native Ag Pt
Resolution (A) 25 28 3.0
Number of reflections 46 452 30195 25628
Number rejected 232 285 184
Number of unique reflections 12661 9190 4718
Overall completeness (%) 98.3 99.5 99.5
Outermost shell (A) 25-263  2.80-295  3.00-3.16
Outermost shell completeness (%)  98.6 100 100
/o) >2 (%) 89.3 91.0 89.9
I/a(l) > 2 outermost shell (%) 76.0 80.4 76.8
R; (%) 5.9 5.5 6.1

Resolution is determined as the highest order shell where the internal
R-factor, Rj = Xy & [li(hkD) = <IthkD > |/Z}, Z; (k) is < 0.20. Number
of reflections is the total number of reflections within the resolution limit
and with a partiality above 0.5. Number rejected is the number of reflec-
tions rejected in the averaging procedure. Number of unique reflections
is the number of unique reflections after averaging. Overall complete-
ness is the percentage of theoretically obtainable data measured. Out-
ermost shell is the highest order data referred to below. I/c(l) > 2 is the
number of reflections with intensity greater than 2 standard deviations.
These data were used in subsequent refinements.

complished with the program CMBISO and the derived differ-
ence Patterson maps were analyzed with the program MAPVIEW
(both from the phasing package by W Furey).

The Ag* derivative showed peaks in the Harker sections cor-
responding to two heavy atom sites. These peaks could not be
seen in the anomalous Patterson map probably due to the low
f"at the applied wavelength. The two sites were related to a com-
mon origin by standard difference Fourier techniques. Phase in-
formation to 3.0A resolution was extracted from this derivative.

For the P2* derivative a difference Patterson map was calcu-
lated to 3.0A resolution. This map showed only one site. A
cross difference Fourier, using the phases determined from the
Ag™* derivative, using data up to 4 A resolution, verified the site.
Subsequent processing was done with programs from the CCP4
suite. The positions of the heavy atoms were refined with the
program HEAVY. Further phase refinement and phase calcula-
tion was done with the program MLPHARE. Table 3 lists the
heavy atom positions determined. In fact, only one binding site
was found for both derivatives. However, the site was occupied
by Ag* in both molecules comprising the asymmetric unit, but
Pt2* only complexed with molecule A. Both metal ions form
a complex with the Met60 and Met99 side chains which are in
close proximity, and located on the surface of the peptide.

Table 3. Heavy atom positions.

Derivative Position B-factor Occupancy Binding site
X y z (A2) (%)
Ag 1 0.236  0.069 0.139 27 0.39 Met A60, Met A99
2 0.147 0.281 0.199 41 0.45 Met B60, Met B99
Pt 1 0.222 0.057 0.138 33 0.40 Met A60, Met A99

Later analysis of the crystal packing clearly showed that the
Met60 and Met99 positions were much more readily accessible
from the solvent channels in molecule A than in molecule B. The
refinement and phasing procedure is summarized in Table 4.
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Table 4. Heavy atom refinement and phasing statistics.

Ag derivative Pt derivative

Resolution limit 3.0 3.0

Reuliis (centric reflections) 0.64 0.83
Reutiis (@acentric reflections) 0.39 0.85
Phasing power (centric reflections) 1.0 0.7

Phasing power (acentric reflections) 1.4 1.0

FOM (centric) 0.67

FOM (acentric) 0.44

Resolution limit is the highest order of data used for each derivative.
Reutis = Zhit |Fpri & Fpl = Fiyicalo) /it [Fp = Fl- The phasing power is
defined as: Zpy i Fry/Z IFpriobs) — FrHcalol- FOM is the phasing figure of
merit.

The electron density map produced from the MIR data showed
well defined large solvent channels in the structure, but it was
not possible to trace the polypeptide chain. This is probably
related to the low phasing power of the Pt2+ derivative.

The program SQUASH [30] was used for solvent flattening and
phase extension from 4 to 3A. Histogram matching, automatic
Wang solvent mask generation and Sayre equation techniques
were employed. This improved the overall figure of merit to
0.75. The resulting map was of high quality with clear continuity
in the electron density (see Fig. 9). The remarkable success of
the procedure is probably related to the large and well defined
solvent content of the crystals.

The initial model was built with the program O [24]. Both
molecules in the asymmetric unit could be traced and no av-
eraging procedures were used.

Fig. 9. Views of the electron density
of the calculated maps in the region
around Trp45. (a) The SQUASH-treated
MIR map at 3 A resolution contoured at
the 1.0 rmsd level. (b) 2F —F_ map con-
toured at 1.3 rmsd level.



Trefoil domain three-dimensional structure Gajhede et al.

Refinement of the structure

The initial model was refined by simulated annealing using the
program X-PLOR [26]. Data in the range 8-2.5A were used in
the refinement, only including reflections for which 1> 2a(1).
This excluded 1449 out of a total of 12348 reflections. The
standard slow cool protocol was used in the refinement, starting
initially at 3000K and performing 50 steps of molecular dynam-
ics (time step 0.5 fs) then reducing the temperature by 25K and
repeating until the temperature reached 300K. In later refine-
ment calculations, the initial temperature was set at 800 K.

A total of 23 refinement cycles were conducted with alternat-
ing X-PLOR calculations and manual density fitting. The final
restricted R-value is 0.20 with inclusion of 88 water molecules, all
with B-factors below 60 A2, returning 2F ,—F,. density and in prox-
imity of the protein molecules. The corresponding free R-value
is 0.30 [26] using 10 % of the data as a test set. When all meas-
ured reflections are included in the calculation of the restricted
R-value, a value of 0.22 is obtained. Table 5 shows a breakdown
of R-values on resolution. The average deviation from ideality in
bond lengths is 0.023 A and in bond angles is 2.3°.

Table 5. R-factors as a function of resolution.

Resolution NREF R-value R-value NREF R-value R-value
(A) free free  free cum. rest. rest. rest. cum.
4.69-8.00 164 0.3170 0.3170 1331 0.2183 0.2183
3.85-4.69 143 0.2808 0.2988 1339 0.1663 0.1908
3.41-385 146 02717 0.2901 1332 0.1769 0.1862
3.12-3.41 146 0.2806 0.2883 1311 0.1904 0.1871
291-312 139 0.3231 0.2926 1208 0.2180 0.19170
2.74-291 149  0.2924 0.2926 1179 0.2271 0.1946
261-274 118 0.3644 0.2977 1080 0.2544 0.1990
2.50-2.61 118  0.3575 0.3012 996 0.2678 0.2030

NREF free is the number of reflections included in the calculation of
R-free. R = Xy [F, — Fc|/ZF,,. R-value free cum. is the cumulative Ryeq.
NREF rest. is the number of reflections included in the calculation of the
restricted R-value.

The Ramachandran plot (Fig. 10) shows no residues, other than
glycines or prolines, outside favoured or allowed regions. The
plot includes both molecules in the asymmetric unit. 82 % of
the residues are in the most favoured regions, the rest are in
favoured regions.

The real space correlation coefficients were examined as a func-
tion of residue number, as implemented in program O [31]. A
plot of these correlation coefficients is shown in Fig. 11. The
function is computed by calculating grid sums in a series of
density maps calculated from the model coordinates of a se-
lected group of atoms from each residue. This function can
reveal problem areas in a structure. The plot shows no signs of
errors in the model and values are as expected for a structure at
this resolution. However, it does reveal that the density around
residues 99-105 is not as well defined as the rest of the density
in either of the molecules. As can be seen from Fig. 1, this part of

- the molecule is not part of the domain structure and is probably

quite flexible. :

The average B-value, including both molecules in the asymmetric
unit, was 20.3A2 after the final cycle of refinement. A plot of
the average B-values of the main-chain atoms for all residues is
shown in Fig. 7. This plot also reveals that the region around
99-105 is probably disordered, and indicates some disorder
around the carboxy-terminal end and around Glu54 which is in
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Fig. 10. Ramachandran plot including both molecules in the
asymmetric unit. The plot is produced with program PROCHECK
(331 Levels, indicated by black, dark grey, medium grey and light
grey shading, represent regions which are most favoured, addi-
tional allowed, generously allowed and disallowed, respectively.
This classification is based on analysis of 118 high quality X-ray
structures.
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Fig. 11. Plot of the real space R-value versus residue number (a)
for molecule A and (b) for molecule B in the asymmetric unit [31].
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the region linking the two domains. Fig. 11 shows the quality of
the obtained electron density maps. The quality of the MIR elec-

tron density map after the SQUASH procedure is of comparable
quality to the final 2F,~F, map.

The atomic coordinates will be deposited in the Brookhaven
protein data bank.
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